The effects of two levels of salinity on photosynthetic properties of olive (Olea europea L.) leaves were observed either in low or in high H20 vapor pressure deficit (vpd). Under moderate salt stress, stomata were found to be less open and responsive both to light and vpd, but the predominant limitation of photosynthesis was due to the mesophyll capacity of CO2 fixation. We elaborate a procedure to correlate mesophyll capacity and liquid phase diffusive conductance. The estimated liquid phase diffusive conductance was reduced by salt and especially by high vpd; morphological and physiological changes could be responsible for this reduction. As a result, the chloroplast CO2 partial pressure was found to decrease both under salt and vpd stress, thus resulting in a ribulose-1, Salinity affects an area three times greater than all the land presently irrigated in the world. It is involved in many structural changes of plants and in variations of gas-exchange properties of leaves. Photosynthesis is generally thought to be reduced by toxic levels of sodium or chloride (1 1 in marginal water use cost was seen; however, WUE was significantly reduced. Lloyd et al. (1 1) found that in orange the primary effect of salt stress was a reduction of mesophyll capacity for CO2 assimilation, which also resulted in a lowering of WUE. Finally, vpd, already indicated as the main cause of midday depression (16), was found to affect the response to salt in several species, as described in mangroves (2) where it causes a further reduction both in A and WUE.
irreversible damage at Clr levels higher than 200 millimolar and basal leaves reached this concentration earlier than the apical ones.
Salinity affects an area three times greater than all the land presently irrigated in the world. It is involved in many structural changes of plants and in variations of gas-exchange properties of leaves. Photosynthesis is generally thought to be reduced by toxic levels of sodium or chloride (1 1) . In this case changes in turgor pressure act synergistically to maintain turgor against an increased vacuolar osmotic potential. Therefore, an increase in salt concentration produces effects similar to those of drought stress.
Robinson et al. (18) in marginal water use cost was seen; however, WUE was significantly reduced. Lloyd et al. (1 1) found that in orange the primary effect of salt stress was a reduction of mesophyll capacity for CO2 assimilation, which also resulted in a lowering of WUE. Finally, vpd, already indicated as the main cause of midday depression (16) , was found to affect the response to salt in several species, as described in mangroves (2) where it causes a further reduction both in A and WUE.
Olive is a plant considered to show intermediate salt tolerance (6, 19) , and its response to salt is typical ofMediterranean evergreens. Moreover, salt stress is important in olive culture since dilute seawater irrigation is normally supplied in summer when temperature and drought induce very high vpd. A common feature of salt-stressed olive leaves is an increase in cell wall thickness and in total leaf thickness, as observed in other glycophytes and, to a lesser extent, in halophytes (15) . Previous experience with greenhouse-grown olive plants (24) has shown a large increase in leaf thickness and a dramatic reduction of photosynthetic capacity during salt treatment, indicating irreversible leaf damage at approximately 200 mM Cl -concentration in the sap.
The present study further examines salt effects in this glycophytic evergreen and attempts to establish how high vpd can aggravate these effects. To this aim we have carried out measurements of quantum yield, Chl fluorescence, CO2 and 02 responses of photosynthesis and have calculated 02 effects on photosynthesis. Changes in CO2 permeability inside the leaves were also considered since in schlerophyllous leaves the increase in leaf thickness could produce a substantial variation in the resistance to C02 diffusion (14) .
THEORY
The total diffusive resistance to CO2 (r,) can be separated into gas diffusive resistance (rd) and liquid phase diffusive resistance (r,). Parkhurst et al. (14) reported a relationship between rd, the diffusivity of CO2 in the air (Dd), and the thickness of the leaf (td). This relationship can be reduced to rd = 2td/Dd in hypostomatous leaves.
The term r, is a function of unit surface, cell surface actually exposed to gas exchange (SAR), diffusive resistance between cells (D,), and cell wall thickness (t,). Thus, the relation between leaf structure and r, is r, = 1/SAR x t,D,.
Most gas-exchange models rely on the assumption of a gw (which is the inverse of r,) equal to 1 mol m-2 s-', but this value is correct only in amphistomatous leaves with high SAR. In schlerophyllous leaves, values of gw as low as 0.15 mol m-2 s-' are common and the increase in wall thickness together with the decrease in SAR (due to variation in cell contact surfaces under salt stress) can further reduce this value.
The relationship between Pc and r, has been described as Pc = pi -(A x r,) (7). Thus, a significant r, will produce large overestimates of Pc = pi -(A x r,) (7). Thus, a significant r, will produce large overestimates of Pc if not included in the model, and this in turn will produce erroneous estimates of biochemical parameters linked to gas-exchange (23). Evans et al. (7) showed that the initial slope ofCO2 response (A*) is a function of the Rubisco activity (K) and of r,. The relation can be simplified to l/A* = 1/K + r,. The changes in initial slopes ofCO2 response can therefore be attributed either to internal diffusion changes or to Rubisco activity, In particular, an increase in r, leads to a lowering of A at low pi, whereas this effect tends to disappear at pi higher than 50 Pa due to the increase in A and, therefore, to the decrease of the A x r, value. For this reason, we estimated gw on the basis of the CO2 response curve at high pi. The This method is reliable only under the following conditions: (a) carboxylation must be limited by electron transport capacity (this occurs at pi higher than the Km of Rubisco and in full light in most of the described cases) (9, 23) ; (b) Rubisco specificity must be the same as that described in C3 plants (5) ( 17) .
Growth temperature was 28°/1 8C (day/night) and PFD was 900 ,umol m-2 S-1 with a photoperiod of 13 h. Quantum yield measurements were done separately. Gasexchange measurements were combined with light absorption inside an Ulbricht sphere (10) . All light response curves were expressed on the basis of the absorbed PFD and were generated from at least seven points collected between the compensation point and 100 ,umol m-2 s-.
Fluorescence Measurements
Fluorescence time course at 692 nm was determined using a trifurcated light guide and a sample holder with a quartz rod touching the upper surface of the leaf. An electronic shutter allowed green actinic light (cut to 535 nm with a shortwave-pass interference filter) to reach the dark adapted leaves at a flux density of 25 'mol m-2 s-'. Fluorescence induction was monitored above 670 nm by a photodiode (Hamamatsu LH48). The signal was stored in a digital oscilloscope (Kikusui DSS 6522, Kawasaki, Japan) when millisecond resolution was required; in all other cases it was collected on an IBM PC-XT via an A/D converter (Burr Brown PCI-20000, Tucson, AZ). Maximal fluorescence was obtained by light doubling on modulated weak light.
Ion Analysis
Leaves were dried in a oven at 70°C for 48 h and then ground to a fine powder. Cl-content was determined by silver ion titration using a Radiometer ETS 822 chloridometer. Sodium and K+ content were determined with an ETS 801 flame emission photometer. Ion concentrations were ex-pressed on a tissue water basis from measurements of tissue fresh and dry weights.
RESULTS

Salt Penetration and Growth Effects
Plant growth was strongly inhibited after 25 d of salt stress. Salt-stressed plants produced no new shoots during the experiment, while control plants produced an average of one new node for every 1O nodes present at the start ofthe experiment.
After 20 d, Cl-concentration in salt-stressed plants increased (57 ± 5 mm in tissue water compared to 26.4 ± 4 mm observed in controls). This did not cause any visible damage in leaves, but had noticeable effects on the photosynthetic capacity of stressed leaves (see below).
Sodium levels of the leaves were also analyzed after 25 d. We found a Na+ concentration of 35 ± 3 mm in controls and increasing concentrations in salt-stressed plants, ranging from 46 ± 6 mm in the apical leaves to 90 ± 8 mm in the basal leaves.
Chloride concentration was again analyzed at the end of the experiment, that is after 90 d of salt treatment (Fig. IA) . In the main shoot of stressed plants again the lowest Clconcentration was observed in the apical leaves (81.3 mm in tissue water), and the highest in the basal leaves (990 mM). Leaves of lateral shoots always showed a lower chloride content (75.3 mM) and salt concentration of roots and stems never exceeded the levels observed in leaves.
Dry weight/fresh weight ratio after 90 d of treatment showed a trend similar to Cl-level in leaves, that is, a decrease from the base to the apex (Fig. 1 B) . The mean ratio was 0.380 in controls and increased with increasing salt concentration averaging 0.500 and 0.655 and after 25 and 90 d of salt stress.
A dramatic increase in leaf thickness due to salt was also observed after 90 d oftreatment (Fig. 2) together with a strong reduction in leaf area. Spongy mesophyll thickness increased by 38% over controls while palisade mesophyll cell length was increased by 50%. No difference was observed in epidermal thickness.
We calculated the dry weight/leafarea in order to determine whether the rise of the dry weight/fresh weight ratio was caused by a real increase in the fresh weight. The increasing values found between controls (185 mg cm-2 ), 25-d salttreated plants (280 mg cm-2) and 90-d salt-treated plants (340 mg cm-2) indicated that leaf area reduction was not accompanied by a simultaneous reduction in dry weight.
Finally, succulence was estimated after 25 d of salt stress using the relationship fresh weight/leaf area -dry weight/leaf area (12) . Values obtained averaged 30 mg ofwater cm-2 both in controls and salt-stressed plants, thus indicating that no increase in succulence occurs under moderate salinity in olive leaves.
Light Response
Fast fluorescence induction measurements correlated with the gradient of Cl-observed in olive leaves at the end of the experiment (Fig. 3) . No (Fig. 4, A and B) , salt was found to modify strongly the ratio Pi/Pa (-20%) and the quantum requirement (+33%), whereas a smaller effect was observed on A at 800 ,umol m-2s-' of absorbed light (-13.3%).
High vpd (Fig. 4 , C and D) was found to influence A more than salt (-20.9% in controls), and the combination of salt and vpd produced more pronounced and non-additive changes both in A (-55%) and in the quantum requirement (+98%). Diffusive limitations associated with a lower responsiveness of stomata to light were clearly apparent under combined salt and vpd stress (see Fig. 6A ).
Under reduced 02 pressure (2 kPa), an increase in A was observed both in low and high vpd (Fig. 5) . However, we observed again a very strong and non-additive effect of combined high vpd and salt stress. Assimilation rate decreased by 59% relative to controls, while the quantum requirement increased by 44%. We also found an increase of the stomatal sensitivity to PFD (Fig. 6B) relative to that ofplants maintained in ambient 02 pressure (Fig. 6A ). This increase was only 12% in low vpd but rose to 36% in salt stressed plants maintained in high vpd.
CO2 Response
The CO2 response was also measured after 25 d of salt treatment. In low vpd, A in salt-stressed plants was only 15 imol m-2 s-' at api of 60 Pa, while controls reached 19 ,mol m-2 s-' (Fig. 7A) . The initial slope of the curve for saltstressed plants was higher than that for control plants (9.8 x 10-3 and 7 x 10-3 ,umol m2 s-'Pa-', respectively), but this is probably related to the observed increase in dry weight/leaf area.
The effect of increasing pi from 30 to 60 Pa was greater on controls than on salt-stressed plants. In the same range ofpi, the pj/pa ratio (Fig. 7B ) and g. (Fig. 7C) (Fig. 7E) and gs (Fig. 7F) decreased and the values were significantly lower than those observed in low vpd. At a pi of 60 Pa, the reduction ofPu/Pa was 30% in controls and 27% in salt-stressed plants, whereas gs decreased by 48% and 54%, respectively. pi. Po B DISCUSSION The light response of olive leaves was markedly changed by salt and vpd. Chances in chlorophyll fluorescence at 692 nm correlated well with Cl-levels found at the end of the experiment, indicating that these elevated Cl-concentrations were sufficient to reduce electron flow in PSII. This finding also demonstrates that the increase in FV could be used as an efficient, nondestructive method for assaying salt-stress. However, FV was drastically reduced only at a Cl-doses, which caused leaf drop 2 weeks after the end of our experiment.
According to Bjorkman (3), the reduction of F, could be attributed to a decrease in the rate constant for photochemistry of PSII and, to a greater extent, to an increase in the nonradiative dissipation rate constant. However, this hypothesis is based on the assumption of steady-state conditions, either in the size of PSII reaction centers or in their ratio with total Chl. In previous experiments, we observed under salt stress a reduction of 66% of the area between the rise curve of fluorescence induction and the Fm in presence of inhibitors (DCMU) (our unpublished results). This area shows the concentration of active PSII reaction centers, and their observed reduction suggests a limitation due to PSII stoichiometry rather than to changes in the rate constants under salt stress.
The observed photosynthetic 02 sensitivity, ranging from 25.5 to 29.5% (Table I) , was consistent with values calculated when the capacity of Rubisco limits photosynthesis (21) . Only under combined salt and vpd stress the observed value (51.3%) seems to indicate a limitation of A due to RuBP regeneration (theoretical value = 44.7%). This result could explain the nonadditivity of salt stress and high vpd. The Plant stomatal closure is a response to increased vpd in order to maintain a constant evaporation rate (2, 20) . In our case, however, salt seems to make stomata less responsive. Stomatal closure in high vpd is not sufficient to reduce or even to maintain constant the evaporation rate (Table III) , and this causes a decline in A because oftransient water stress. However, since no significant variation was found in pi, gs and evaporation rate in all the experimental conditions, it seems likely that the evaporation rate is never great enough to cause a strong intercellular water stress and, hence, a high stomatal response.
Steady-state WUE in controls and salt-stressed pants (7.5 mmol C02/mol H20) was observed only at low vpd and ambient 02 pressure. In high vpd, WUE of salt-stressed plants decreased compared to controls by 14% in low 02 pressure and by 42% in ambient 02 pressure. Thus, in agreement with Ball and Farquhar (2), the marginal water cost increased greatly when Pa was high. In this case, g, varies in order to keep Pi as low as possible also when A is high. However, since pi did not change between controls and salt-stressed plants (Table II) , both A and g, showed the same sensitivity to salt and vpd.
Since stomata did not seem to be directly involved in the mechanism of response to salinity in olive, we investigated the possibility that increasing internal resistances could affect the gas pathway. We observed that salt stress caused a reduction in g1, and that higher vpd increased this change (Table  IV) . These effects are probably linked to the morphological changes observed in salt-stressed plants. It has been previously reported that the great resistance to C02 diffusion in olive is due to mesophyll cell wall thickness and to a SAR lower than By using the described procedure we found high internal diffusive resistances leading to a substantial limitation of CO2 diffusion in olive. These resistances were further increased in salt-stressed, thick leaves and in relation to increased evaporative demand. This further increase probably occurs before any biochemical regulation of stromal proteins or membrane adaptation can take place. We therefore considered it likely that variation of cell surface exposed to gas-exchange depends on the liquid film filling the intercellular spaces. We also considered in our model a possible contribution oftransversal heterogeneity, although this has yet to be detected in homobaric leaves.
The result of the morphological adaptations due to the combined salt-vpd stress is a depletion ofPC that averages 60% compared to the controls (Table II) . Our model (Table I) indicates that Rubisco is limiting when salt and vpd stress act separately, but that RuBP use is the photosynthetic target of the combined stresses. We attribute this surprising result mainly to the possibility that energy supply is also limiting at a rather low pi (20 Pa) , as indicated by the analysis of Chl fluorescence.
